Avian influenza (AI) is a highly contagious disease that is caused by type A influenza viruses, which have many subtypes that are determined on the basis of antigenic specificity of two surface glycoproteins: hemagglutinin (HA) and neuraminidase (NA). Sixteen HA (H1--H16) and 9 NA subtypes (N1--N9) have been identified \[[@r6]\]. Among the 16 HA subtypes, only the H5 and H7 subtypes are highly pathogenic to poultry \[[@r1]\]. The global dissemination of highly pathogenic H5N1 viruses has led to the deaths of hundreds of millions of birds and 450 human fatalities since 2003 \[[@r16]\].

HA is the major envelope glycoprotein of influenza A viruses. HA is produced as a precursor protein (HA0) that is cleaved by host proteases to generate two proteins, HA1 and HA2. This cleavage is essential for the function of HA and the infectivity of the virus \[[@r12]\]. Previous studies have demonstrated that the amino acid sequence at the HA cleavage site (CS) plays a critical role in viral virulence. Low-pathogenicity avian influenza (LPAI) viruses have a single arginine at the HA CS (the −1 position) and another basic amino acid at the −3 or −4 positions, whereas high-pathogenicity avian influenza (HPAI) viruses have multiple basic amino acids at the HA CS \[[@r10], [@r13]\]. LPAI viruses may evolve into HPAI viruses by acquiring multiple basic amino acids at the HA CS through mutations \[[@r2], [@r7]\].

The first outbreak of H5N2 virus in chickens occurred in Taiwan in 2003. The virus (strain 1209/03), which was isolated during this outbreak, has three basic amino acids at the HA CS (QREKR/GL) and an intravenous pathogenicity index (IVPI) of 0.00 \[[@r3], [@r4]\]. This H5N2 virus comprises HA and NA genes that were derived from H5N2 viruses circulating in Mexico in 1994 and six other genes from H6N1 viruses in Taiwan \[[@r3], [@r4]\]. In 2008 and 2012--2013, H5N2 viruses containing four basic amino acids at the HA CS (QRKKR/GL or QRRKR/GL) were isolated from chickens in Taiwan \[[@r4], [@r9]\]. Pathogenicity studies showed that the H5N2 viruses with four basic amino acids are more pathogenic than those with three \[[@r4], [@r9]\]. Soda *et al*. \[[@r14]\] reported that a Taiwanese LPAI H5N2 influenza virus evolved into HPAI viruses after consecutive passages in chickens. Similarly, Cheng *et al*. \[[@r4]\] reported that a Taiwanese LPAI H5N2 virus exhibited increased virulence after consecutive passages in embryonic chicken eggs, which was accompanied by sequence changes at the HA CS. However, the mechanism by which Taiwanese LPAI H5N2 viruses evolve into HPAI viruses is not well studied, and to date, there are no published reports regarding the HA CS sequence and viral pathogenicity of H5N2 viruses that were isolated after 2013 from chickens in Taiwan.

The goal of this study was to determine the pathogenicity and sequence at the HA CS of H5N2 viruses that were isolated from chickens in Taiwan during 2013--2015. A virus strain isolated in 2003 and its progeny viruses were also characterized in this study to elucidate the mechanism of sequence changes at the HA CS. The pathogenicity of the viruses was determined using IVPI or mortality rate tests, and the correlation between the HA CS sequences and viral pathogenicity was investigated. Finally, we put forth a proposal to refine control measures of H5N2 viruses in Taiwan.

MATERIALS AND METHODS {#s1}
=====================

Viruses and isolation of viral RNA
----------------------------------

The H5N2 viruses examined in this study were divided into two groups ([Table 1](#tbl_001){ref-type="table"}Table 1.Summary of the Taiwanese H5N2 viruses used in this studyVirus strainAbbreviationTime of isolationPlace of isolationSource of isolationGroup 1A/chicken/PH/A2821/2013 (H5N2)A2821/1317/5/2013Penghu CountyLungA/chicken/YL/A3190/2014 (H5N2)A3190/1417/4/2014Taipei CityKidneyA/chicken/PT/a158/2015 (H5N2)a158/1515/1/2015Pinton CountyHeartA/chicken/GY/a451/2015 (H5N2)a451/1522/1/2015Chiayi CountyLung/chicken/TC/a504/2015 (H5N2)a504/1523/1/2015Taichung CityLungA/chicken/CH/a556/2015 (H5N2)a556/1526/1/2015Changhua CountyLungA/chicken/TY/a665/2015 (H5N2)a665/1529/1/2015Taoyuan CityLungA/chicken/SC/a688/2015 (H5N2)a688/1529/1/2015Hsinchu CountyLungGroup 2A/chicken/Taiwan/1209/2003 (H5N2)1209/0323/12/03Chunghua CountyLungA/chicken/Taiwan/1209/2003-E5 (H5N2)1209/03-E51209/03 (five passages in eggs)A/chicken/Taiwan/1209/2003-E10 (H5N2)1209/03-E101209/03 (10 passages in eggs)). Group 1 contained eight field strains that were isolated from diseased or dead chickens submitted to the Animal Health Research Institute (AHRI) for diagnosis during 2013--2015. The two field strains, A2821/13 and A3190/14, were used in this study, because they were the only two H5N2 virus strains isolated by the AHRI during 2013--2014. The remaining six strains were used, because they were isolated from different areas in Taiwan in early 2015. All field strains were isolated using a previously described method \[[@r4]\].

Group 2 contained a field strain that was isolated in 2003 (strain 1209/03) and its progeny viruses (1209/03-E5 and 1209/03-E10) that had undergone five and 10 passages in specific-pathogen-free (SPF) embryonated eggs \[[@r3]\]. Group 2 viruses were used to investigate the mechanism underlying the sequence changes at the HA CS.

Viral RNA was isolated using the MagNA Pure Compact Instrument (Roche Life Science, Branford, CT, U.S.A.) according to the manufacturer's protocol. The virus isolation experiments were approved by the Institutional Animal Care and Use Committee (IACUC) at the AHRI (IACUC number A99010).

Reverse transcription-polymerase chain reaction (RT-PCR) amplification
----------------------------------------------------------------------

Two primers, designated HA (+) and HA (−), were used to PCR-amplify a 194-bp DNA fragment containing the HA CS sequence of the virus. The sequences of the HA (+) and HA (−) primers were 5′--GAG TGC CCC AAG TAT GTC AAA--3′ and 5′--ATA TCC ACT ACC TTG CTC AT--3′, respectively. The RT-PCR mixture (25 *µl*) contained 16 *µl* of water, 2.5 *µl* of 10× buffer, 2.5 *µl* of a dNTP mixture (2.5 mM each of the four dNTPs), 2 *µl* of primers (10 pmol each), 1 *µl* of template RNA, 0.5 *µl* of SuperScript III reverse transcriptase (Thermo Fisher Scientific, Waltham, MA, U.S.A.) and 0.5 *µl* of SuperTaq XL DNA polymerase (Protech Technology, Taipei, Taiwan). The RT-PCR conditions were as follows: one cycle at 50°C for 15 min, followed by 35 cycles at 94°C for 15 sec (denaturation), 55°C for 30 sec (annealing) and 72°C for 30 sec (extension), followed by one cycle at 72°C for 5 min (final extension). The PCR products were separated by electrophoresis in 2% agarose gels, stained with ethidium bromide (0.5 *µ*g/m*l*) and visualized with ultraviolet light.

Direct sequencing of the RT-PCR products
----------------------------------------

The 194-bp PCR products were subjected to sequencing analysis using the BigDye Terminator Cycle Sequencing Kit (Thermo Fisher Scientific) in an automatic sequencer (ABI-3730XL DNA Analyzer, Thermo Fisher Scientific). Primer HA (+) was used to conduct the sequencing analysis. The sequences were compiled using the SeqMan program in the LASERGENE package (DNASTAR Inc., Madison, WI, U.S.A.) and then used to search for homologous in GenBank using the Basic Local Alignment Search Tool (BLAST) program at the National Center for Biotechnology Information website (<http://blast.ncbi.nlm.nih.gov/Blast.cgi>).

Sequencing of the cloned RT-PCR products
----------------------------------------

The 194-bp RT-PCR products were cloned into the pCR2.1-TOPO vector (Thermo Fisher Scientific) according to the manufacturer's instructions. Recombinant plasmids harboring the 194-bp DNA fragment were purified using the QIAprep Spin Plasmid Purification Kit (Qiagen, Hilden, Germany) and individually sequenced with the pUC/M13 forward primer in an automatic sequencer (ABI-3730XL DNA analyzer). The sequences were compiled using the SeqMan program in the LASERGENE package.

Pathogenicity study
-------------------

The pathogenicity of the H5N2 viruses was assessed by the IVPI or mortality rate tests in chickens using methods described previously by the Office Internationale des Epizooties \[[@r11]\]. In brief, the IVPI was determined by intravenous inoculation of 0.1 m*l* of allantoic fluid containing 10^6^ mean egg infective doses of the H5N2 virus into 8-week-old SPF chickens. For each virus strain, 10 chickens were inoculated. The chickens were observed for clinical signs for 10 days, and the IVPI was calculated \[[@r11]\]. The mortality rate was determined by inoculating 0.2 m*l* of allantoic fluid containing the H5N2 virus (HA titer \>1:16) into 8-week-old SPF chickens. For each virus, eight chickens were inoculated. The chickens were observed daily for 10 days, and the mortality rate was determined. Viruses that had an IVPI \>1.2 or caused a mortality rate \>75% were consider to be HPAI viruses. Note that the mortality test has been used by AHRI as the primary method to assess virus pathogenicity since 2015. This is because the IVPI test needs the differentiation between the "sick" and "severely sick" birds, which is a subjective assessment and sometimes problematic for AHRI. The pathogenicity tests were approved by the IACUC at the AHRI (IACUC number A04014).

RESULTS {#s2}
=======

RT-PCR amplification of the 194-bp DNA fragment containing the HA CS sequence
-----------------------------------------------------------------------------

The H5N2 viruses used in this study are summarized in [Table 1](#tbl_001){ref-type="table"}. All of the viruses were subjected to RNA isolation and RT-PCR amplification, and the results showed that RT-PCR products of approximately 194-bp, containing the HA CS sequences, were amplified successfully from all of the viruses ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.RT-PCR amplification of the 194-bp DNA fragment from the H5N2 viruses that were investigated in this study. Lane M contains DNA size markers, and the names of the viruses are shown at the top of each lane.).

Sequence diversity and pathogenicity of viruses isolated during 2013--2015
--------------------------------------------------------------------------

The HA CS sequences of the viruses were determined by directly sequencing the 194-bp RT-PCR products. A nucleotide BLAST search showed that the 194-bp sequences of these viruses were highly similar (96--98% identities) to H5N2 viruses isolated previously in Taiwan during 2003--2013 \[[@r4], [@r9]\]. However, two novel HA CS sequences, QKEKR/GL and KREKREKR/GL, were found in two virus strains (A2821/13 and A3190/14) investigated in this study ([Table 2](#tbl_002){ref-type="table"}Table 2.HA CS sequences and pathogenicity of Taiwanese H5N2 viruses that were isolated during 2013--2015). These two strains were isolated in 2013 and 2014, respectively, and their novelty was due to nucleotide substitutions (G to A or C to A) and insertions (GAAAAAAGG) that occurred at positions close to the HA CS. Pathogenicity tests showed that strains A2821/13 and A3190/14 had IVPIs of 0.39 and 1.98; therefore, they were classified as LPAI and HPAI viruses, respectively ([Table 2](#tbl_002){ref-type="table"}).

All of the viruses that were isolated in 2015 had the same HA CS sequence QREKR/GL (containing three basic amino acids), which was found previously in the virus isolated in 2003 \[[@r4]\] ([Table 2](#tbl_002){ref-type="table"}). Pathogenicity tests showed that all of the viruses that were isolated in 2015 caused mortality rates of 12.5% or 37.5% in chickens, and thus, they were classified as LPAI viruses ([Table 2](#tbl_002){ref-type="table"}).

Sequence diversity in strain 1209/03 and its progeny viruses
------------------------------------------------------------

The HA CS sequences of strain 1209/03 and its progeny viruses (1209/03-E5 and 1209/03-E10) were determined by directly sequencing the 194-bp RT-PCR products. However, a problem occurred during the sequencing. In brief, a sequence analysis using an automatic DNA sequencer normally produces two files: one is a chromatogram that shows four-color peaks that represent the four DNA bases (A, G, C and T), and the other is a text file that shows the computer program's best interpretation of the chromatogram data. Sequencing of strains 1209/03 and 1209/03-E5 produced chromatograms with distinct peaks, and the text files showed that the two strains had the same HA CS QREKR/GL ([Fig. 2A and 2B](#fig_002){ref-type="fig"}Fig. 2.Section of the chromatograms obtained by direct sequencing of the 194-bp RT-PCR products that were amplified from strains 1209/03 (A), 1209/03-E5 (B) and 1209/03-E10 (C). This section corresponds to nucleotide positions 1,006 to 1,038 of the HA gene. Positions containing mixed peaks are indicated by vertical arrows. Nucleotide and predicted amino acid sequences are shown under the chromatogram.). In contrast, the chromatogram of 1209/03-E10 presented many overlapping or ambiguous peaks ([Fig. 2C](#fig_002){ref-type="fig"}). This result suggested that 1209/03-E10 might be a mixture of viruses or a viral quasispecies with different HA CS sequences. Although a text file was generated for 1209/03-E10, which enabled the prediction of the HA CS sequence (QRKKK/GL) ([Fig. 2C](#fig_002){ref-type="fig"}), this HA CS might be erroneous because of the ambiguous peaks shown on the chromatogram.

Detection of viral quasispecies with different HA CS sequences
--------------------------------------------------------------

The possibility for the presence of a viral quasispecies in strain 1209/03 or its progeny viruses was explored by sequencing the cloned 194-bp RT-PCR products that were amplified from these viruses. Twenty clones were sequenced for each of the viruses, and the results are summarized in [Table 3](#tbl_003){ref-type="table"}Table 3.HA CS sequences of the cloned RT-PCR products that were amplified from strain 1209/03 and its progeny viruses. All 20 clones of strain 1209/03 had the same HA CS sequence QREKR/GL. Similarly, 18 clones from strain 1209/03-E5 showed the same HA CS sequence QREKR/GL, whereas the two remaining clones contained two-nucleotide deletions that resulted in frameshift mutations. Interestingly, the 20 clones from strain 1209/03-E10 exhibited six distinct types of HA CS sequences. The most abundant type (10 clones) had a HA CS sequence that was identical to that of 1209/03 (QREKR/GL), while the other three types had HA CS sequences QRKKR/GL (two clones), QRRKKR/GL (five clones) and QRKKKR/GL (one clone), respectively. The remaining two types had nucleotide insertions (GA or GAAA) that caused frameshift mutations of the HA gene. Taken together, sequencing of the cloned RT-PCR product revealed that strain 1209/03-E10 is a viral quasispecies with at least four different HA CS sequences.

Sequencing of the cloned RT-PCR product in this study consistently generated a chromatogram that contained no overlapping peaks; this finding conformed to the notion that each of the cloned RT-PCR products was amplified from a single viral RNA molecule.

DISCUSSION {#s3}
==========

The current policy for the control of H5N2 viruses in Taiwan is to cull all poultry flocks infected with H5N2 viruses that contain four or more basic amino acids at their HA CS. However, for flocks infected with viruses that contain three basic amino acids, the pathogenicity of the infecting virus should be determined. If the virus has an IVPI greater than 1.2 or causes a mortality rate greater than 75% in chickens, then the entire flock should be culled; otherwise, the infected flock should only be monitored until they are free of the virus. This policy has been used in Taiwan for several years. However, the data presented here demonstrate that Taiwanese H5N2 viruses can change their HA CS sequences and viral pathogenicity via mutations. A total of five distinct types of HA CS sequences have now been identified in field viruses, and a single strain of the H5N2 virus might evolve into a quasispecies containing at least four different HA CS sequences after passages in eggs. These findings highlight the need to refine the policy for controlling H5N2 viruses in Taiwan. One option is to cull all poultry flocks that are infected with 1209/03-like H5N2 viruses, disregarding the number of basic amino acids that are present at the HA CS.

All six strains of the H5N2 virus that were isolated in 2015 had the same HA CS sequence (QREKR/GL, containing three basic amino acids), and no viruses with four or more basic amino acids were found in 2015. These six strains were considered to be representative strains of H5N2 viruses that were circulating in early 2015. Among these strains, the lack of an H5N2 virus with four or more basic amino acids at the HA CS suggests that H5N2 viruses with three basic amino acids at the HA CS are more prevalent. This result might be a consequence of our policy for controlling H5N2 viruses, that is, culling poultry flocks infected with viruses that contain four or more basic amino acids at the HA CS, but not those with three. In fact, all six strains of the H5N2 viruses isolated in 2015 caused a mortality rate lower than 75% in chickens, and thus, they were considered to be LPAI viruses; therefore, none of the flocks infected by these viruses were culled. This might allow these viruses to persist in poultry flocks and spread from one flock to another.

The viral sequences with two- or four-nucleotide deletions or insertions at the HA CS sequence were detected in the 1209/03-E5 and 1209/03-E10 strains. These mutations led to a frameshift in the viral HA gene, and thus, no functional HA protein could be produced from viruses with these sequences. It is unlikely that these mutations were due to RT-PCR errors, because a high-fidelity reverse transcriptase (SuperScript III) and *Taq* DNA polymerase (SuperTaq XL) were used in this study. Both polymerases are known to have higher fidelity than that of the avian influenza virus \[[@r5]\]. Moreover, viral RNA molecules with frameshift mutations in the HA and PB1 genes were previously found in other type A influenza viruses \[[@r8], [@r15]\]. Therefore, we speculate that viral RNAs with such mutations might represent by-products or intermediates during the evolution of the H5N2 viruses from low to high pathogenic viruses.

In summation, the results presented in this study highlight the potential of Taiwanese H5N2 viruses to change their pathogenicity and HA CS sequences via mutations. Moreover, viruses with the HA CS sequence QREKR/GL were more prevalent than others in 2015. These findings are useful for understanding the mechanism of sequence changes at the HA CS and for refining H5N2 virus control measures in Taiwan.
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